0TS PRICE

Lt

$

XEROX
MICROFILM §

(CODE)

D2-90418-5

NAT!ONAL AEROMUT!CS AND SPACE ADM!N!ST&AHO’N
MANNED SPACEC&AFT CﬁNTER

Contract NAS 9-1393

By
Karen 5. McGarrigle
‘ond ' ,
B, W. Mar L T

Aero-Space Division
THE BOEING COMPANY
Seattle, Washington




TABLE OF CONTENTS

©. . GENERAL INFORMATION

R PURPOSE

" ASSUMPTIONS -
LIMITATIONS
RECOMMENDATIONS

PROCEDURE

] [ 34 ] TURE
METHOD
RESULTS

" INPUT PREPARATION AND OUTPUT DESCRIPTION:

INPUT DATA PREPARATION

" OUTPUTDATA

OPERATING INFORMATION
" MACHINE SET-UP AND RUN INFORMATION
PROGRAMMING INFORMATION ‘

.. % FLOW CHARTS

 PROGRAM - LISTING
SAMPLE INPUT DATA

~ SAMPLE PROBLEM

.~ REFERENCES

~

"-]3,_-.'

3

29

30

32
33

81

86

90




TABLE

LIST OF TABLES

TITLE

- Nomenclature .

fComparnson of the Resulfs of fhls Progrum w:fh thot of
Katz and Penfold ' -

Set 1. Volues of V and lnfegmls of Funchons
Integrated from 0 to V

Set 2. Tables of X and Exponential Integral E](X)

PAGE




- FIGURE

LIST OF FIGURES

TITLE

. lGeometry of colhsxons

‘-i.'-,‘!"-_»iCompcnson of resu!fs of thls P"OQYC"“ W'fh fhe
R 1ddta of Perklns : ‘ ‘

Companson of the results of this program with the

data of Wright and Trump

‘Comparison of increments AT

PAGE

L7

»»19,.

21

22




" of a particular shield necessary to protect instruments or humans can also be

- GENERAL INFORMATION

- The Electron Monte Ccrlo Pregrcm was wriﬂ'en for an 1BM 7094 compufer.

o ] 'The progrcm consxsts ofo ‘main mpuf progrcrn and seveml subrouhnes wnh‘en in

’ FORTRAN nnd FAP programmmg languages. |

PURPOSE
The calculation of an electron flux penetrating o shield is complicated by
scattering and straggling so that Monte Carlo techniques are necessary to achieve

an acceptable solution. This Electron Monte Carlo program was developed

- specifically for the problem of space radiation shielding.

It is desirable to know, given the energy of electrons incident on a par-

ticular material or shield, how many of these electrons penetrate the shield and

_their energy after penetration, and also the energy deposition within the shield.

The damage to objects behind the shield can then be determined. The thickness |

4

‘ ‘determin‘ed.' :

The shield is considereﬂ to consist of infinite parallel slabs. lts geometry

(thickness) and the material composition are inputs to the pfogrum. - The source of

‘elecfrons incident on the shield face is described by the initial energy of the

electrons and thetr angle of mcxdence. The elecfrons penetrate the shield in
finite increment thicknesses that are determined by the user. The electrons then

suffer discrete energy losses and angular deflections at the end of each increment.




each electron. Therefore, the electrons were allowed to penetrate a series of

N i s g

This process is continued until the electrons are transmitted or their energy goes

below the energy cut-off.

'[he resu“s of the penetrchon cclculohons are expressed in the energy spec-—

PR trum and the angular dnsfr'buhon of the frcnsmmed rad:ahon. Also, fhe spohal

~’a

dnstnbuhon of energy Ioss due to rodlahon loss in the shneld is expressed in the

output.

ASSUMPTIONS

Monte. Carlo analysis of the individual collisions suffered by an electron

~ penetrofing a shield is prohibitive since many thousands of collisions are mace by

small increments of thickness. The efectron is assumed to have suffered a discrete

energy loss and angular deflection at the end of each increment.

It is also assumed that when an electron passes from one material to another
in an increment, the collision peinf is considerec to be at the rﬁqferibl interface

and the next increment originates from that point.

N LIMlTATIONS

A monoenergehc source ‘must be used. The angular dlsmbuhon of the
source can be monodirecﬁoncl or isotropic.
~ The shield is limited to twelve successive slabs. A slab can consist of any

mcfe'riul for which range and ionization energy loss data is available. (see Ref. 1).

" Each slab can be'divided into a maximum of 15 regions for the radiation energy loss

s




oo are valid Q‘r)ly‘fko'r the total thickné;s of the shield. A_".There ;dn be up Atb‘_]5 o

spatial distribution. A shield can have as many as 20 transmission boundaries

for forward transmission distribution information. The backscatter transmissions

P

'—;}::er’\er'gy divfsiéjr{s'blﬁd 16.é_ng‘le;a'iyisi-or{s_‘ft;rxﬂie tmn#rﬁi;ﬁig;n di’sfribuﬁ’o'n'qnd 15 -

energy divisions f‘of’fheﬂrqdiafion loss distribution.

RECOMMENDATIONS

. At present, only a monoenergetic source is available in the program.
However, there does exist an option for another source energy. spectrum such as
a fission electron distribution.

Also, only a spatia! distribution for radiation energy losses is recorded.

~ A distribution of all energy losses in the shield can be obtained with only minor

changes to the proghm.

-
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PROCEDURE

NOMENCLATURE
A list of symbols and the corresponding names uéed in the program are

i preserited in Table 1.

- fﬂ\émo‘b
In the Monte Carlo method, each particle is-followed from its source fo
its end, i e., frans?nission or energy degradation below the éut—off energy. lhe
results of many such po'rticle histories are recorded and these results represent fh_e
physi‘ca.ly sifuaﬁon. B
The calcu-léfional scheme was based on the mefhod of Leiss, Penne'r, and
Robrinson (Réf. 2), wﬁﬁ:h w#:s olso'empbyed by .Perkins (Ref. 3).: The initial
"energy, Eo' of an ele4crron from a mor;noene;'getic ‘source is specified in the input.’
. :The angle of incidence, 90, measured wijh respect fo ﬂ'\e §hield normal, is either
monodirecﬁor;al t;nd is §pe¢ified in the input, or ig.determined from c‘n isotropic
- . distribution.” In the Iatter.op‘tiorv\, cos 9°v=_ R, where R is @ random number from 0 ’-
- to 1. This fhe‘p gfves Ql;l anglé. of incidence between 0 énd 90°.
B . The‘relecfrp'n is ;forfed at t_hé face of the shield where ZT =0 and its total
- | ‘p'ene'frraﬂon iS m‘e‘asured in the".z-direcﬁcvm along the shiela normt;.cl.
The dis.t’qunc‘e the electron moves in fhe.d.ireﬂctio'r‘\ of 8 fo-ff; n;xf collision
péinf is chbsen in éifher of tw6 ways: A]" =C, a fcon'stanf increment; or

AT =C/E. The choice is optional to the user. The fpfal penetration of the



-~ TMAX(J)

TABLE 1. Nomenclature
 MATH | PROGRAM LT
., SYMBOL .. © . sYMBOL DEFINITION - . UNITS
V E(‘)_ CEINT. ": ‘lﬁif‘iu'l source energy of 'Aele.c.tréh Mev
90 ' THINT Angle of incidence of source Degrees
electrons '
R. - RAND “Random number
E ENERGY Energy of electron at a collision Mev
: point ‘
g - THETA Angle of electron direction meas- Radians
’ ured with respect to shield normal '
cos @ COSINE Cosine of THETA Radians
0 scat ' THTSCT Scatter angle of electron measured
- ‘ ~* with respect to previous direction
AT DELT Path length of electron from one gm/cm2
collision point fo. the next : ,
ot T Used in radiation energy loss
. calculation . :
TEST _ Path fength of electron measured gm/cm2
L ~ along shield normal '
T U TTQT‘ ~ Total penetration of electron gm/cm?'
S - measured along shield normal :
.v_NOSLAB Number of slabs in the shield
NI Npmber’ of boundaries for which -
transmission distributions are
desired
. 2
Thickness of each slab J gm/cm




TABLE 1. Nomenclature (continued) oL

. - MATH = . . PROGRAM o
Coc.... -/ SYMBOL .. . .. SYMBOL . .. DEFINITION =  UNITS -

J e \ - Denoted slab the electron is
: 7w - in at the time of calculation -

zB . Sum@J)y  The rigHt boundry of slab J gm/cm2

ISLB | Denotes the ffansmission
boundary
N | ZB(ISLE)  Z coordinate of the transmission gm/cm2
IR - boundary : - '

TR T

REG NO(J) Number of subregions of each
©slab. for recording radiation
energy losses

IREG Region in which radiation
' _energy loss has occurred

/X - XZRO " lnverse of radiation length : cmz/grﬁ

A g Ay - - Atomic wéight of material of
' . slab J 4

z. 'Z‘(J) B ~ Atomic number of material of
: Lo ~ slab J L '

- - REG(I, J) : " ~ Region boundaries for each slab gm/cm2
© o7 J for recording radiation energy -
Tloss S
" KERROR . Error.indicator -

Eion' " EION L lonization energy loss . Mev

Emd . ERAD : - Radiation energy loss : Mev =

dE/dx | . DEDX . Rate of ionization energy loss . Mev cm?/g_m '
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TABLE 1. Nomenclature (Continued)

~ MATH

10

. " PROGRAM S |
- SYMBOL " SYMBOL ~_ DEFINITION - UNIT
’ X o - 3 CHI Anglqe‘ in base‘of.cone around |
. previous electron direction used
to determine new elecfron
direction
- RE Range of electron of energy, E, gm/cm
No longer used by program
ECUT(J) Energy cut-off for ma tenol of Mev
: slab J
, NQHIST Number of histories desired:
L _ IHIST - Number of histories being cal-
. )/‘ _ - E culated |
o f(()_)ydv FZINT(I) ~ Table of integral of function for
o o v=0, 9.3
Y. UPLIM(D) Upper limit for table of integrals
jyl’f(])(v)dv FHNT(L) Table of integral of function for
f’uf(z) (v) dv F2INT(I) - . Table of integral of function for
~ARG(l) | Table of arguments for exponenfial '
_ S ' integr'algiuble‘
E I(ARG) El(l) | Tdble oﬂi{;‘(ponen‘ﬁa!‘ integrals
E](lnE /E) EONE Value of exponential integroli'
° for which the argument must be
found
RAND1

T) er used to start random
number generator



TABLE 1. Nomenclature (continued)
MATH , PROGRAM ' . o
SYMBOL - SYMBOL _DEFINITION - UNIT
B R BB!G o ' Parameter ‘v;;sed‘in‘ Moliere
b SSML or Parameter used m Moliere
‘ SMLB ‘
- SLOPE Slope of plbt of equation,
B-InB=b
62 | BETSQ “Used in Moliere
DEN Normalizing integrdl
VALUE Used in Moliere
o RANGE(I, J) Table of ranges for slab J and - 2
B - energy | ' gm/cm
RATE(L, J) Tdblé of io;\izoﬁon rate for . 2
vslab J and energy 1 Mev-cm” /gm
E(1,J) Table of energies for range Mev
v and rate tables
lRDL(i, J,K). .~ Radiation energy loss array for
.. - - region | of slab J and energy K
.. NANT(I,J,K) - Number transmitted array for -
- ... energyl, anglebinJ and
| transmission boundary K
ENEE(I,J,K)  Energy transmission arrdy for.
o energy bin I, angle bin J,
and transmission boundary K
c " FACTOR Input constant to control

increment thickness

11



' point is considered to be at the boundary b

new collision point is then ZT = E (ATi cos Gi). A test is now made to

determine whether the electron has been: transmitted through either th_é front

S *or the back foce of the shie,ld sccﬂered forwafd to fhe next slob, scattered '

) - bockward fo a prevnous slab or remcms m the some slob

If h‘onSm:sswn hcs occurred the energy and angle, 9 are recorded
A new history is then begun.

If the electron has been scattered forward or backward to another slab,

the.slab counter, J, is adjusted by + 1 or - 1, respectively, and the collision

etween the two slabs. 'The actual
v e .7
AT the electron traveled is determined by AT = zAl .

cos 8
Energz Losses
| IONlZATlON ENERGY LOSS. When a colhsnon pomf has been estab~

lished, the elecfron is scattered and some of its energy expended due to

. rad:ahon energy Ioss ond ionization energy loss. For 1omzcmon loss,

dE’

dE ‘
AE, — AT, —— is the average ionization energy loss for an electron of
“ion  dx dx o . A ‘

_.energy, E, for the material kof s!ob, J.

RADIAT!ON EN’ERGY LOSS. The radiation loss probability was obtained
from the relahonshlps derived by Befhe and Helfler (Ref. 4). The inverse of the

rodlahon length Xo’ for slab J is calculated as

'li - 4kN 2 2 . -1/
Z, 1832
X =R F o n g

° .

12
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» 2 ‘ | "13
where & =17/137, N =6.02 x 1023 is Avogadro's number, and S 2.28x 10 .

The proboblhty of an electron of energy, E, degrading to an energy befween E
- +
- ,_énd E dE by mdnct:ov loss is [(t/ln 2)- ]

'1’ R ‘ -l ln E,
P(E° . E) [" (f/ln P

there t= AT/X

This function can be shown to be. normalized, therefore,

. ¢ [(t/ln 2)-1]

‘R=T i E T
| J E ~{/In2 o : o
o o I _ : .

lf t/In 2«1, and with proper substitutions,

,V ‘ | w " . v . : A' ) - . . o . ' . | ' . - ) .
RNf t/[h'Z_dx 3 E R )
: h-E‘ . o . . ; o
Rvt/In 2E, (In E_/E) |
'_Where E] is the exponenﬁal-'infeg.rol of the argument. The new energy, E, after
~ radiation loss, is then determined from the above ex#ression and the radiation
energy lq;s, Emd = Eo - E. .V L |
Therefore, the new energy of the electron at the end of its path increment
."ts found to be | |
E E -+ .. R ,
(md Eion) ‘ . L

f the spatial disfribufion of radiation loss is desired, this radiation energy =

loss is tallied according to the.energy division and region in which the loss occurred.

13




Scatter Angle
The scatter angle of the electron is determined from the Moliere
- reicmonshlps dlscussed by Bethe (Ref 5) ‘The distribuffpn_f&ncﬁoh is.

, _,_T‘expcnded ina power serles in 'I/B whlch glves,( e
S O o ot (1) 2(2)-,/ ]
f(escuf) escct descct de { (y) +B ()’) + B Fooieen (5)

where ()(Y) 2)/ V‘

| | o g2
{1 ()= 2e™ "Evz 1) {Ei(u/)?‘ cny oo -2V )}
1

"'f(z)(v) [ ()+Y(2)J(v -4v2+2)+j t-3df{int/'(i—t).—“if(2)]

| 2 o 4
‘:(I-t)2 v F —()/-2—2)f - (;—)/ :-21/2'+ 1) tz]
The‘overag'e energy over the pafh increment used in the Moliere cal-
culctfon fs expressea as |
. . . - - 6 -
Empl E (Erad + Eion)/zf ( )

The vanoble b is determined as

- [eseo ATz, +1)Z ‘/3 2 -
b =In|. (7)
‘B_ A.(! +3.34a ). o
where 22 = l, is the square: of the charge of the parhcle, 82 =1- (E +] 51), ’
mol °°

and o = (2/1378) is the devtahon from the Born opproxumcmon
The equahon, B-1InB=b, is solved for fhe express:on B, usmg an

iterative scheme.

4



PICR ROBTIR W IACRE

- 1/2 . '
V=8 /(Xcaa ), | | (8)

. where escdt is the scatter angle measured with respect to the previous electron

dxrechon o

The pcrameter, X defmed as the total probcbll ity of a smgle scaﬂermg

through an angle greater than Xc is exactly one, and

ATNAT e 2.2 +1) 22

[ e S M H | )
< ABYE_, +0.51)
: i mol
where e = 4.8028 x 10'_10 esu.
Substituting, ) ,
(o ydao =—2Y__G(y) - | - 10)

scat’ - scat XCBI/Z

where 6(v) = £0(v) + 87 {V(y) + 82§Dy

Using direct Monte Carlo to determine. the scatter angle from the above

L kot o

f/ G(vi]d'i)

To solve for ascat the following process was used. The integrals of eoch ‘

we have

an

of fhe funchons, fo, f], and fz, mtegroted from 0 to ¥, were calculated
sepcrqtely and put in tables for ¥ in increments up to 9.3. These functions were
integrated without their appropriate power of B since it.is independent of V.

The upper limit of the denominator of Eq. (11) was determined an<’ a table search

15



determined the values of the integrals of the three functions. These integrals

were then mulrtiplied by the cower of B and.the result yielde.d the value of the
dengrﬁinaror of Eq. (11). -This VGlug was then multi;ﬂ ied by @ random number

whlch que -ﬂ{e:\»,qluej of t‘!'\‘e~ intggrul ‘i.n_'i:he n.t.Jme’rat;r of Eq‘.v‘ (1 ]). 'fAngtAhe.r’i '
"fablé seon.'ch; this time <;n the ':r-al';le of fhé ’infeg;'al;’f‘ouﬁé t;h; uépef‘iimif'

of the numerator. Thq scatter angle is then |

0, = VX8’

scat
If the scatter angle |s revolved around the previous electron direction,
a right. ;:one i.s formed. The intersection of fh'e new electron direction onr;f the
base of thé cone con.‘be at any pﬁint'on the circumference of the bo;e of the
"cone. Therefore, an angle.X is randomly chosen from 0 to 2# to determine
>fhis po.int of intersecfion,- Ai'v.e.,A X =2TR (see Fig. 1). From the Qedmefry,
the new difc—;cfidn,. 8, measured with respect to the‘shiield normal -is %ound from
the exp'ression:
cosB, = cosB, ,cosa‘ + c.osX sinB sinD,
| i - scat scat i-1
This conclu‘dé_s the calculations necessary for one ‘collision.' This process
is repeaféd-.until the electron hisfo?y is terminated by ﬁdnsmis;ion or e‘nérgyr
'dééradﬁtio;) below fhé cut~off enérgy. | Then; when tﬁe féquesfed huﬁbgr of.
historfes have been cor'nplefed, ‘the energy dnd ongulqr‘ distrib;ﬁons for trans=

mission and/or the spatial distribution of radiation energy losses are edited.

16

.(‘2)_,




: ln-itialE Energy

Collision Point
New Energy, E

(o]

8
T TScat
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FIGURE 1. Geometry of Collisions
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RESULTS

. The results of the Monte Carlo calculcﬁons were compared with exisfing

_expenmenfcl cnd fheorenccxl dcto und found to be in good agreement. A com- .

".pcnson wsth Monfe Carlo dcxfa of Perkms (Ref 3) for 2 Mev electrons normally -

‘mcndenf onan alunv'unum. shleld is shown in Flg. 2 o

The extraéolofe& range of elecfrons. from. 1 to 8 Mev normally incident
on an aluminum shield wés compared wif.h the analytic expression deferminea by
Katz and-Penfold (Ref. ). Tc;ble 2 il-lustrctes fFe comparison.

The backscatter eiecfr’pn revsuits cbmpufed by fhé Monie Carlo program
Were ccsmpcred'fo dc-to.obfcined exper‘imenfdll)‘/ by Wright ond Trump (Ref. 7).
Figure 3 shows thi§ compa;'i;on.-~~ |

An investigation of the effect of the increment thickness or AT used ‘

— et ’ = 2 .
in the calculation was. made. Increments from . 025 to . 106 gm/cm” were used

for a shield of aluminum. The results were found to lie within the statistical
error associated with the number of histories processed and the number of
electrons penetrating the slab (see .Fig. 4). 1t was concluded that the Monte

3
-

Carlo calculations are not limited by the choice of AT.

18
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FIGURE 2. Comparison of Results of This Program With the Data of Perkins
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FIGURE 3. Comparison of the Results of This Program With the Datq of Wright -
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| ~ FRACTION -
- . TRANSMITTED

. 1000 histories

500 histories

1000 histories:

‘.‘”500 hiistoﬁrivés . S

.+ THICKNESS OF ALUMINUM {gm/cm?)

FIGURE 4. Comparison of Increments AT




INPUT PREPARATION AND OUTPUT DESCRIPTION

- INPUT DATA PREPARATION - .

Fo”owmg the data card wdl olways be the two sets of permanenf tables

| presenfed in chles 3 cmd 4
The followmg cards are nercessqrryfbr each problem: |

-Card 1. Problem Description Card (Always Necessary)

Column Varioble - - Format _ | - Definition
] -1—72 DlSCPT(I) A ]2A6 E Any 72 characters for user to deséribe

the problem. This will be written out
at beginning of output.

Card 2 Ophon Cord (Alwoys Necessary)

1A o SLCTE] . R 246 _ Initial energy. option SPECIFY « or v
- - R ' FISSION on card according to format.
-16-27 o SLCTAT - 206 : 'Angle of incidence option SPECIFY or
(left adjusted)  SLCTA2 -~ _ISOTROPIC on card according to format.

3148 - oopT1 . Output option--TRANSMISSION for
(leff_cdiusfed) - L transmission distribution.
OPT2 :©  3A6 . BREMSSTRAHLUNG for radiation
' o T energy !oss distribution.
COPT3 - BREMTRANS for both oufpufs
. 49-50 - o " Jop , | 1z Option for selechng mcrement thickness.
- - (right adjusted) - . . . 10P=1 for AT = constant '

IOP = 2 for AT = constant/energy .

5160 B NOHIST R - ]l(.)v ‘Num"ber‘of histories for the first output.
(right adjusted) ' : . : :

61-70 NCONT 110 | Total number of histories for the problem.
(right adjusted) - : : .




i .

Column

L 1-10

1-10

1-10 -

Card 3. Initial Energy (needed only if initial energy is
“specified, i.e., if SLCTE], SLCTEZ is SPECIFY)

Variable

EINT

Format

EIOO

Definition

lmhul energy of e!ectrons (Mev)

‘ Cord 4 Angie of lncndence (needed only if angle of

incidence i is specified, i.e., if SLCTA1, SLCTA2 is SPECIFY) |

CTHINT

" E10.0

| Angle of incidence in degrees.

Card 5. Number of Slabs in Shield (Always Needed)

NOSLAB

(right ad]usr_ed)

- 1-12

.53-62'-’

110

Number of slabs in the shield.
(Maximum of 12)

Card 6. ' Slab Descfipiion {Always Needed)

- TIPMTI(J)
- (left adjusted) - TPMT2(J)
13-2 TMAX()
", 23-32 REGNO(J)
53-42 A
a2y
ECUT(J)

(J = l NOSLAB)

1 One card for each slab. These should be-placed iniorder ofJ=1, 2, 3; efi:‘,f.%‘

286

£10.0

E10.0

Any 12 characters to denote material
of slab J. '

- Thickness of slab J (gm/cmz)

£10.0

- E10.0 -

CE10.0
slab. J (Mev)f

24

D nta

Number of suBreg ions in slab J for.

‘tallying radiation losses if OPTI,

OPT2, OPT3 is BREMSSTRAHLUNG
or BREMTRANS, otherwise leave blank.
(Moximum of 15) -

Atomic weight of material of slab J.

Atomic number of material of slab J.

Cut-off energy for electrons in -



Card 7. Boundaries for multiple case (necessary only if transmission
4 b4

output is desired, i.e., if OPT], OPT2, OPT3 is

. TRANSMISS!ON)
- Column =~ /Vanoble . Format - . - SR Definition - |
e 0 1-10 N| o |]0 Number 6fwboundd'ries" in éﬁtfre fshieltli

..~ for which transmission information is .
- desired. (NI > 1, with maximum of 20)

Card 8. Boundaries for Card 7.‘

1-10 - ZB() 7E10.0 Z coordinate of bounc:'cr‘ies for which
11-20 o transmission information is desired (gm/cm”)
etc. (=1, ND - ' ~ in order of increasing magnitude.
61-70 : A (I NI=1, ZB(1) = thickness of shield.)
Caird @ |
- 1-10 - FACTOR ~ E10.0 ~ Constant used to determine increment
B S _ thickness, AT. _ »
11-22  RANDI B O V. o }Number to start random number
(right adjusted) - . generator. Should consist of at least
- ' : 8 digits wnh the nghf most cnglf
bemg odd.
Card 10._2
~1-10 - IMAX(J) © 110. - Number of energies for rangeéionization

: ' : R o energy loss tables for material of slab J.
. e o (Moaximum of 50) ‘

Card 'H. 2 (
1-10 ENERGY(I J) 7E10.0 Energy in order of increasing magnitude (Mev).
11-20 ~ RANGE(},J) - © ' Range of electron of above energy (gm/cm?)
- 21-30 g RATE(I ) R - Rate is dE/dx or ionization energy loss of
3140 ‘ ' - _electron of above energy (Mev cm“/gm) .
etc. - {1 “] IMAX(J)) .

: 2 Set of cards 10 cnd 11 for each slab J. These should be in order of J =1, 2, etc.

s




Card 12. (Alwoys Needed)

Column Variable Format Definition
1-10 o ne Number of energy bins for tallying

g i<_-‘itransm|55|on distribution and radiation.
" energy !osses. ‘ _(Max;mum of 20)

' .L (l"ight udiusted) .-

S AN

Card 13. (AIwaYs Neédéd) o

1-10 ENGY(l) | 7E10.0 A Energ_y bins for tallying transmission

11-20 L : : and radiation energy losses (Mev) in.
etc. (=1, L]ﬂ) . - order of increasing magnitude. The
61-70 . number will be the maximum energy
' for bin I.
Card 14. {Always Needed)
1-10 L2 - . 1o - Number of angle bins. (Muximum of 30) '

Card 15.. (Always Needed)

1-10 ~ ANGLE(l) 7E10.0 Angle bins for transmission tally (degrees).

11-20 - " in order of increasing magnitude. The
etc. - (=1, L2) o number will be the maximum angle for

- 61-70 . binl
Card 16, (Necessary onl-y if NCONT > NOHIST)
1-10 : NOHIST 110- Number of histories for next output.
- There can be as many of card 16 as desired. - An output edit is performed
. after completion of number of histories indicated by NOHIST. The only
- criteria is that the sum of the NOHIST for any problem must equal the
number oufpuf for NCONT.
: More thon one problem can be run at a time. ~With the excephon of the |
| permanent data fcbles, the above mpuf (cards 1 fhrough 16) will be repeoted for

each probiem and will be placed in succession in the dato deck.

~ This data is input on punched IBM data cards.
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TABLE 3. Set 1. Valuesof vV, and Integrals of Functions Integrated from 0 to v,

- Column
- jl-.éﬁ

72

27-36

- Variable '
CoueLMg) -

| FIINT(I) -

| F2INT(I)

UPLIM(I)

- FTINT(1)

' F_2|NT(l)‘_-l

'“.f‘.".:,"‘FZINT(l) S

=1,128

Format

EEE f f(O) V! dv;‘
f r(])V'dv'

3E10.0

E6.0

3E10.0

o

jo (2D s gyi

oy
b4
“rv
f(]) yl dyl

o

: j; yf(z) v dw_'




»;Mjfjj;zo*fii%i

| 21-30
31-40
41-50

51-60

Set 2, Tabies of X and Exponential Integral E](X)

. , Variable

“El(lﬁ)’" f
ARG(l)
EN())
ARG(1)

CEY

R
e

Format Definition

6E10.0 X
X

E(X)

T



" energy bins are considered to be O~ E

 OUTPUT DATA

The output consists of a Summary of the input including the number of

,,,histories,' source 'energ'y,‘ angle of incidence, method used to sélect increment

thsckness, ',AT, _hﬁﬁiber ofslcxi)"‘s;irn~ ‘tllae.::‘s'hi‘e'lcl'l_ and their resPectiv§ thicknesses,

[P

- the number of transmission boundaries and these boundaries. These items are

idenﬁfied.in the oQtput. lf the input specified that the transmission array is

desired, this is then ﬁrinfed; The number of electrons transmitted in each ehergy
and angle bin is under the -hecujing N r;md the sum of the energy of the elecfrons
trc‘nsmifted in each energy aﬁd'onglé bin is uﬁder'the heading E. The angle and

r BBy

» f—:\tﬁc., and O‘-A], A] - A2, |
etc. The number dn_d energy transmitted for each angle is summed over all. .

energies. Then the total number transmitted is recorded. in the case where there

is more than one transmission boundary, the number backscattered (transmitted ot

' ongles from 90-180°) is volia.Only for the case of the thickest slab.

If the radiation energy loss throughout the shield is desired, this array

. follows the transmission distribution. This array gives the number of times the

radiation energy was between energies O - E], E'] - Ez,' etc., for regionsof @

slab. TBis fﬁrrdy is written for each Sl'gb, J= 1 to the total number of slabs of the

“shield. Each of the regions of the slab has a thickness equal to the thickness of .

. the slab divided by the total number of regions in the slab.




OPERATING INFORMATION

MACHINE SET-UP AND RUN lNFORMATlON

: 1General Machme Opemnon

- Mochme sef—up would be as for cmy program under the FORMON system
‘usmg no fupes other than A2 { oglcul 5) for mpuf ond A3 (logical 6) for oufpuf
. qnd no special switch sefhngs.
‘Normal exit from the proéram occurs when the output from the last proBlem

is corﬁplefea and there: is no more input to be read in. Error stops occur when there

is either an error in spe ikiing on the input opt’n'on.cord or fheré is an error in

calculafi§n, In the case of the former, the appropriate comment is written. For
| the.[a‘t.tér, o value for the error indiccfol;, VKERROR, is wr-itfer.w‘. ;The error

P

~indicafors and fheif corresponding errors cré as follows:

.KERROR =2 "Error in-subroutine MOLLI. Vclueovf’b <L
CBeck:in@f values of ctomic*;. weig.f\ts.cmd atomic
numbérs, and the factor for 'cci_rm;.aufing the path

B i”n.crement‘ AT,
o= 3 Erfpr in"s‘qbroutine.RANDE; Check inout tables

. " of range, average ionization loss and the

~ corresponding energies. This error occurred because

the table was exhausted wifhout finding a vcﬂue’.
=4 Error in-subroutine TLYRD. - The radiation energy

loss was greater than the values of the energy bins.

'_j,~3o'




-KERROR =4 (cont'd)  Check to see that the last enefgy bin is as large

as or greater than the initial energy of the -

electron. .- :
3,
S
. . 3I .




PROGRAMMING INFORMATION

This portion of the report’contains the programming information and consists of Flow Charts,
"~ . Program Listing, Sample Input Data and Sample Problem.
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FLOW CHARTS.

o S
pe




s Tl i

- MAIN PROGRAM

© (INPUT ROUTINE)

3
3
K
4
3

1 INTEGRATED FROM

- | ARGWMENT & THE

R "~:“,'_.'T:j:' R SET BOOLEAN ; ’A\, :—,.':'~’« A. . Tl
/. 7.7 | CONSTANTS FOR ' .

TESTING OPTIONS

[

READ TABLES OF
UPPER LIMIT AND
INTEGRALS, § F(0),

SF(l)’ SF(Q)

0 TO UPPER LTMIT

i

READ TABLES OF

EXPONENTIAL

INTEGRAL, E, (ARG)

»

READ PROBLEM
DESCRIPTION CARD

T

" [ZERO TRANSMISSION

% RADIATION LOSS

ARRAYS

|

“READ OPTIONS FOR
~ SOURCE ENERGY, -
_ANGIE OF INCIDENCEJ = -
 INCREMENT, NUMBER

OF, HISTORIES AND |

TOTAL NUMBER OF
HISTORIES ___

Fam N Tl e et e N e U e

g« AT TET W WD S



. » -
LAl ; . s
- LRl - . .
A T o - - : - S
(9 . ; i -~
(R N . ' "
- N . .

| READ INITIAL
ENERGY, EINT

IS SOURCE ENERGY TO
BE DETERMINED FROM
A SPECTRUM?
| YES
IS ANGLE OF |
TNCIDENCE

 SPECTFTED? 1 THnED

" ERROR—

INCORRECT
SPELLING O
INPUT CARD

B foeatn \ .
] -  EXIT ._

———

, )
S g g e o g R TR
PR I AT ' 3 Ll 2o o aichebi 3
£ Y P
. .o . N
2 L ) . . R R .

D ANGLE

i -' : : , . NO
- : R . : . -

i BT | S - /gANGLE OF INCIDENCE

I ] — , ~ DETSRMINED FROM
= B s .. <\ ISOTROPIC
% IR o T DISTRIBUTION?

“H ‘ } . ‘
1 .
bty .,1 * .

IS OUTPUT DESIREN- X
BREASSTRAHLUNGS — 153

RADIATION 10SS ony ’

IS OUTPUT DESIRED -

. TRANSMISSION ARRAY -
ONLX?

wo ﬂs OUTPUT DESIRR |
DT BOTH. BREMSSTRAHLUNGS * — —~*
S el U\ TRANSHISSION / S

121

35

> . Y > -
- - -
- s Y. < -
- A e (S v - - e




&

READ NUMBER SLABS, MATERTAL,
THICKNESS, NUMB&R REGIONS FORj

| raDzATION 1083, ATOMTC NOBER
f.;‘ WEIGHT cavrpron CUTOFF - | ‘

1

. TRANSMISSION ARRAYS

READ NUI{BER OF BOUNDARIE‘S
AND THE BOUNDARIES FOR

IS ouTPUT

OPTION.
\umr bAISSION /

\‘
o

- SET UP REGION BOUNDARIES

.FOR EACH SIAB TO TALLY
RADIATION LOSSES

<

READ FACTOR FOR CALCULATING

AT INCREMENT AND NUMBER FOR
STARTING RANDOM NUMBER

GENERATOR

y

READ NUMBER OF ENERGIES FOR
RANGE, DE/DX TABLES A
: ' TABLES . '

4

" READ NUMBER OF ENERGY- BINS

AND ENERGIES FOR mwsmssmnﬂ;
"AND RADIATION LOSS ARRAYS




A i i T e et e T e
o X R

s

e . ~) -
g - ¥
>>‘, - - ¢

.........

| READ WuMBER OF AMOLE
| BINS AND ANGLES FOR
| TRANSMISSION ARRAY =

| TO INDICATE

WRITE KERROR

STOP.

- READ NUMBER OF |
HISTORIES FOR NEXT

OuTPUT

37 .




Subroutine ELIC; Initialigze , e Cloe
and set constants , T T R

‘b - S et . -
S Are histories completed? Y3 m

no

Initialize for new history

' es p
Is initial energy specifiecd? ‘-L——;;u Energy of electron

initial encrsy

-

no

e e e T T R e g
ook Bt L PR ? X
S

. Call FISS (dummy routine)

<t

1 R Call RANDE to determine range
P - and PE/DX for electron . '

- es
Did error occur in range ? 4 B

no

Is angle of incidence given? _ 2 . .

yes

R . [COSINE = Cos( THINT=0,17)533)
R NETA = THINT:),0174533

', Subroutine EI..I}

B




PSRN

" Lo S

¥

Cosine = random
number

THETA =

Coa‘l(cosiné).




s e

i b

N il

AthACTOR/HWERGY At = FACTCR
= (aux
Path length along shield
normal? :
TEaT:A};(_cosine)
Total distance along
shield normal
TTOT=TTOT+TEST
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e

RS
)

iR

L 23w

b

. | Has the enectron
passed transmission

Call RADLOS'
o determine
adiation ener-
gy loss (ERAD)

ocour in TLYRD?

I ERAD = 07 yea
‘no
. |18 only transmission yes
“foutput- desired?
Did an error - ne

boundary Z(ISIB)

Is Bremsstrahlung
output desired

only?

no

’ /Call TRANS \
(THETA . ISLB

LR L] " i g

_/

yes

Is the last trans-
mission boundary

encountered?

no

{Increase . transmis-
sion boundary countis

by 1 ISLB=ISLB+l

:  42 .




Ionization energy loss

Eron™ {At)DE/DX

S Average enmergy in patir At

" Ifor use in MOLLI.

EMOI; E=(Ezoy*Bgap)/2 -

B

New energy of electron
E=E-E101-Frap

T
v

A |

Is ths new energy below the
cut-off encrgy? :

S fmo

[cALL voLLT
to determine
scatter angle

Oscar

Did an error occcur
~in MOLLI?

- {Computs new angle of electron

normal (T'{ETA)

direction with ﬁeepect to shield|

yes




T A

Dacreasse slaB

_{counter by 1

A n"3 Flow deterninsd |n=1 | Increass slab counter
A 4 by n B — by 1

nge & DE/DX
for rew elec-

Was the elsctron backscatter oxrb of 3'?’:;.@ |

the shield?
oo

73 for flow, Deternine the path
length from collision point to

material interfacs (bt)

¥

Set the new collision point and the
total .Z distance in shlsld at "

interface - )

-} no | Is 807 | yes‘ "




IREG. =1
- T=ht(x ()

} . N Set new collision point and
' IR o .| total 2 distance in shield
! I . ; | at interfaca _

o at~07 _y“»

no -

* |[Radiation energy loss occurre
ed in IREG='L9.st region of
slab

)
1 -
The radiation energy lost in . o . |
1
\
4

. -
- S
- - ) -
) ‘- - - - — ~ T
.- ~ L, 2 i -
y . " Al Riein -~ o
..... N



.27 |Is only Brems. = .
S Strahlung outptrb
B desired?

no

Yes

last transmission boundary
output
- ISLB=NI

| Backscattar is valid only for

Did an srror occur

yes

in TRANS?

no




il bt ilissatinion

' Subroutine OUT |

Accumulated # of histories =
previous histories + those
already output '

write problem

discription

Is only Bremsstrahlung

. - PRDEEETEN T A
R N
S o - =

yes8

cutput desired?

-"10
¥

|
|
v

Write heading for

Write heading for

transmission distrie Bremsstrahlung
bution
Was initial energy yes

specified?

lm

Write initial energy
from fission spectrum

Write initial energy

L

Was angle of incidence

specified?
‘xio

Y

Write angle determined
from isotropic dist,

Write angle of
incidancs

R




i, it
"
1l

ez

i L B B 3L

Writs
At=FACTOR/

- ENERGY

*2 | How vas At deter. -1 Write
41 nined? (Tor) = . p——={bt=FACTOR

Write numbsr of slabs
to shield

1

Write material and
“thickness for ea, sladb

|

Y

Is only themsstrahlmg _
output desired?

-

< | How does the number of

compars to 13

l?

| Write number and 1ist
-of transmission =
‘boundariea

g transmission boundaries , , V

- LI P ] s
i

=

Write transmission
array for each of
boundariss & totals -




Bremsstrahlung arrays

desired?

Both transmission and




| “THI*57.3 AND sm,mo

TRANSMISSION TO.BE
RECORDED. FOR ANGLE THETA

+L1, NUMBER\
OF ENERGY

BINS

*-‘}'- “I3IB -

e NANT(I,J mo) 4’

N THETA =
THETA :360 THETA-360

< /TO FIND E?s"ﬂ;&

“———{BIN FOR TRANSMISSION|
ENERGY :ENGY(TI)

TO FIND ANGLE BIN
FOR TRANSMISSTON
-\ THETA : ANGLE(J )

=

NUMBER TRANSMITTED IS
" |RECORDED NANT(I,J,160)

K}

NUMBER#ENERGY TRANSMITTED
 FNEE(I,J,1G0) =
'FNEE(I,J, IGO)+ENERGY.




AR
b1l < p»{ DELTA ¢
FACTOR
> - <
==
¥
call. THTSCT =0,
D=TB

Did error eccur in DETB ?

yes

no

Corpute
. xc

© Call DENOM

"’ Subroutine NOLLI
(page L of 2 )

51



)
i
-

gL’

. Call RuDOM.

“"“Pind  rendom nurber

Value '

F1iDDER

Call WUii

. | to determine scatter angle O_
‘ IR : scat

"~ Subrutine I-TOLLi ‘

(page 2 of 2 )




)

'Slope of a plot of B's versus
b!'s is 0.9075804

- Iteration counter ICOUNT - 0‘

' First'vgueés for B

£

Bt = In(B)+b

, )
i =Bl 4 1x10%
. 1 v . B e Br .
ER S - ICOUNT=ICOUNT 1’
no ‘
Hore -than 200 iterations?
yes
Error; KERAOR = 7
2
~ Subroutine DEIB




Radiation energy loss, FRAD, is
to be recorded for slab, J JSIAB |
.and the region of this slab, . - »
Pl T ,I-.IRE(} o

Ioop for K=1, L1
where Ll = mumber of

> [ERAD : Energy
Bin, K(E!N(K)

L

<

Tally the loss
IRDL (I,J,K)= IRDL (I,J,K)+1

Return - -

Subroutine  TLYRD




e T i

“for the material of slab

lable scarch for range
and DE/DY for energy

J JSLAB

Ell 1 Faximum energy of
table

#’V .

(E(L:£%,J))

<

i

TSR THAX, .
UDER OF VALUES

IN UE TAELY

< .

'gl

B Sl.xbb'routiné, Rande
Pagel of 2 =

55

RE RANGE (I¥AX,J)
DELX RATE (DHAX,J)

Ell ¢ previous energy >
0,
used in this routine
(itiisy) )

RE and DEDX are
unchanged from-those

last calculated




o .. .

. o ST E - -
. . E Yo N
ES [ E
. r’

Interpolate for

value of RE and

4 BEDX iy SN
EIPREVeEN - ]

RE * RALGE
. (ISiR,J)
DEDX = RATE

i

~ (ISIR,d)

RANDE

ISIR=ISIR ~ 1

4B

. Exrror
GocRe 3

LR V_S:ubmutine RAIDE
= . .00 Page 20f2 '

g1




ey . .
e M Lo PR . . -
- 5 . E N - L
. P . g

- - . S - - - . .
. h B s »
b o - ‘e K “ [ . .. »
> . g2 . . .k [N
i ~. . . f

. ‘ Upper limit of integral
- | n’:F/'XCBj:g

.....

RN ; XU'f‘ ‘ ’9.3 R ______, L %@ute E '

- value of integrel
: DEN o
N1 L A L OF/238

3 B

e /-

Table search to find upper
. : ‘ limits of integral so that ~
i S | vPLIly< XU< UPLI} +1 ~ - D

no .
. P Is interpolation needed ? SDEN = - .

R

yes |

1 - S Interpolate to find values
' A ‘of integrals F_, Fl’ And F,

DR F,+Fy/B sp /. [ Retum

Subroutine  DENOM |




S e -

TO FIND THE UPPER LIMIT| - .
OF AN INTEGRAL, GIVEN | .. . - . .. . .
Lo ITHE VALUE OF THE .} oo o T e

. B . mTEGRAL ’;'-'.’-‘ »‘

4

TABLE SEARCH TO FIND
THE SUM OF THE INTEGRALS
VALUE= SviO(v)dv +

Svel(v)avs Sve?(v)av

. S 4

INTERPOLATE TO FIND THE

UPPER LIMIT,ETA,CCRRESFOND

| ING TO THE INTEGRAL FOUND
IN THE TABLE

.. | scaTTER ANGLE |
| ®scap = ETA x 10131/2




Find value of exponential
integral .

No change in
energy -

2 @E P D s |

less or cqual

. le '
G(EO/E) ' 1.66131udo*13—-si—

larger or equal

Table scarch in exp onential
Intarrn 4-—11\"\:\
Mlvvb;u.& WAL L\

Intemolate to find value of
Am, armmant for E (E JE)

liew energy after radiation less

Radiation energy loss
mU\D CQIalS Ay - E

A1l of electron

energy lost

‘ ‘V Subroutine RADLOS




_ PROGRAM LISTING
R A, 60
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